Background: This study aimed to compare the neurophysiological responses to sound in adults with hypersensitivity compared to adults without hypersensitivity, and correlate the daily-life experiences to the neurophysiological manifestations. Material and Methods: The Adolescent/Adult Sensory Profile (AASP) was administered to 27 adults, separated by their cut-off scores. Differences in neurophysiological responses were measured by N 1 -P 2 Event-Related Potentials (ERP) in response to auditory changes in frequency and intensity. Reactions to daily sounds were measured by the hyperacusis questionnaire. Correlations between AASP, hyperacusis questionnaire, and ERP were measured. Results: The basic ability to detect a change in stimuli manifested in N 1 waveform was not significantly different. However, participants with hypersensitivity presented a stronger P 2 response and a higher hyperacusis score. Daily expressions of auditory hypersensitivity correlated (p = 0.05 -p = 0.01) with larger ERP responses. Conclusions: Auditory hypersensitivity as reflected in daily scenarios is evident in neurophysiological manifestations measured by ERPs. Understanding the relationship between the neural mechanisms of auditory hypersensitivity and its daily expressions, may optimize participation and wellbeing for people with hypersensitivity.
Introduction
Individuals with sensory hypersensitivity have a distinct physiological and neural reactivity that manifests in hyper-excitability and over-reactivity to sensory stimuli [1] [2] [3] . This may affect function and participation in daily life activities [4] [5] . According to Dunn [6] the role and effect of sensory processing on peoples' daily life is generated from studying sensory processing from many perspectives. This study aimed to measure the neurophysiological responses to sound in adults with sensory hypersensitivity compared to those without hypersensitivity, from the neurophysiological perspective, using neurophysiological measurements and correlate these manifestations to the behavioral responses of daily life perspective.
Sensory Processing and Sensory Processing Disorders (SPD)
Sensory processing involves the reception of a physical stimulus, transduction of the stimulus into a neural impulse, perception of the conscious experience of the sensation as well as creating a behavioral responses to sensory input [1] [6] .
Sensory Processing Disorders (SPD) may include hyper-or hypo-sensitivity as expressed in extreme behavioral responses to sensory stimuli, due to difficulties in balancing sensitivity (identification of novel or changing stimuli) or habituation (adjusting to familiar or ongoing stimuli) [7] .
Dunn [8] proposed a model in which sensory processing depends upon: 1) neurological threshold (level of stimulation needed to respond to sensory stimuli), and 2) behavioral response strategy (active or passive) to this threshold. A high threshold combined with a passive response is classified as "low registration of stimuli". A high threshold combined with an active response is classified as "sensory seeking", in that the individual actively pursues intense sensory stimulation. A low threshold combined with a passive response is classified as "sensory sensitivity", whereas a low threshold combined with an active response is classified as "sensory aversion" in which the individual actively avoids sensory experiences [6] . According to Dunn the interaction between neurological threshold and behavioral response forms a continuum, the edges of which represent the four sensory processing patterns mentioned above. People with extreme sensory processing patterns may experience functional as well as emotional and cognitive difficulties in dealing with their daily environment, which negatively impact performance and social relationships [9] .
Studies have established a link between SPD and atypical CNS processing. Individuals with sensory hypersensitivity were found to have a distinct physiological and neural reactivity that manifests in hyper-excitability and over-reactivity to sensory stimuli [1] [2] [3] [10] . These studies validated that individuals with SPD have distinct physiological, neural, electrodermal, and vagal tone differences, as compared to typical individuals.
The impact of these sensory processing experiences, on daily performances, function and participation in daily life activities, was emphasized in the literature along the years and across life span. Several studies showed a gradual wor- [11] and less responsive to uncomfortable temperatures compared with younger adults [12] . A decline in the main sensory modalities also noted in touch sensation among elderly participants [13] . When studied among 245 adults 18 -86 years of age, performance in sensory processing of auditory tactile visual, and global sensory modalities were found to be significantly worse among middle age participants than of young adults and significantly better than that of older adults. [14] .
Engel-Yeger, Hus, & Rosenblum, [15] examine sensory processing among 118 healthy, independently functioning adults, in four age groups: 31 -45, 46 -60, 61
-75 and 76+ years. They found that age significantly predicted sensory-processing abilities, as presented in all four patterns (Low Registration, Sensation Seeking, Sensory Sensitivity and Sensation Avoiding). Older people showed lower sensory-processing abilities then younger ones, mainly manifested in sensory seeking and low registration patterns. These correlations were attributed to a manifestation of degenerative processes of the sensory organs, tracts and of the brain ability to process sensory information [13] . SPD may limit participation, decrease social skills, impair friendships and relationships, self-confidence and self-esteem affect the interaction with the physical and human environments and cause the person to withdrawal from specific daily activities, that includes choice of clothing, where they go and with whom they relate emotionally, type and choice of a person's activities and also on their interpersonal relationships [1] [16] [17] [18] [19] . SPD also, negatively impact the ability to parent, work, or engage in home management, social, and leisure activities [20] . Since sensory processing affects participation, therefore, if significant correlations were found between sensory hypersensitivity as measured by the adult/adolescents sensory profile (AASP) and neural responses, as measured by event-related potentials (ERPs), then a link between daily life experiences and neural mechanisms related to hypersensitivity could be established, supporting the evidence from both subjective and objective perspectives.
One common trait of sensory hypersensitivity reported by children as well as adults with sensory hypersensitivity, with or without other co-morbidities, is auditory hypersensitivity [5] [21] [22] . Auditory hypersensitivity consists of a reported marked intolerance to ordinary environmental sounds while hearing thresholds are quite often normal. It is commonly used to describe the situation of a person who reports that sounds which would be acceptable to most normal hearing people are extremely loud or uncomfortable [23] . The current view of auditory hypersensitivity states that it is not only a subjective trait, but rather that the hypersensitivity arises from within the auditory system, either peripheral or central [24] .
Therefore, research which combines the basic and applied science of neural reactivity and the daily performance of individuals with hypersensitivity may help substantiate the behavioral phenotypes of sensory hypersensitivity and re-Neuroscience & Medicine fine the definition of sensory hypersensitivity, in addition to traditional behavioral definitions. Thus, it may improve assessment and intervention programs to raise performance and quality of life for people with sensory hypersensitivity.
Using Event-Related Potentials (ERPs) for studying auditory processing Event-Related Potentials (ERPs) to auditory stimuli reflect activation of structure in the CNS and measure timing, magnitude and anatomic location of auditory processing and a spatio-temporal window into the processing of the auditory system [25] . Thus, ERPs provide an important bridge in studying the relationship between behavioral performance and brain activity [26] . In general, ERPs can be divided into two major categories: sensory (auditory) evoked potentials (such as P 1 -N 1 -P 2 ), and processing-contingent potentials (MMN; N 2 b-P 3 b; P 300 ; N 400 ; P 600 ). Components are believed to be associated with sensory or cognitive information processing and are often measured by their amplitude and latency [26] . Latency is a time interval between stimulus onset and response [27] and amplitude is "The maximum extent of a vibration or oscillation, measured from the position of equilibrium" and is directly related to the intensity of a sound. [https://en.oxforddictionaries.com/definition/amplitude] Auditory perception as a reflection of sensory processing can be expressed by the ability to detect changes in different sound dimensions, such as frequency and intensity. Natural sounds in the environment, such as speech and music, are complex acoustic signals that involve changes in intensity and frequency [27] . Therefore, abnormalities in amplitudes and latencies of ERPs in response to changes in frequency and intensity may contribute to the understanding of extreme behaviors related to sensory hypersensitivity in daily life [28] .
ERPs technology was employed to examine auditory processing in individuals with hypersensitivity [4] [25] [29] [30] [31] . When using ERPs paradigms to measure sensory gating (the ability of the CNS to inhibit responses to redundant or irrelevant sensory stimuli) in response to paired auditory stimuli (two clicks), individuals with hypersensitivity exhibited less efficient sensory gating (i.e., lower suppression of auditory ERP P 50 and N 1 components) [29] . Decreased P 50 responses were correlated with perceptual modulation difficulties (feelings of being flooded by sounds), whereas decreased N 1 responses were correlated with an inability to filter out background sounds. The N 1 has been suggested to reflect the basic ability to detect an acoustic change in the environment, whereas, the P 2 is associated with early stages of stimulus evaluation and responses to the stimulus, including perceived affective attributes [32] .
To successfully cope with the ever-changing environmental conditions of everyday life, people must quickly process external events [32] . The N 1 -P 2 complex is associated with detection of the onset of a perceived stimulus, and can be evoked by an abrupt change in the perceived auditory environment. Dynamically changing intensity is an environmentally important cue for guiding locomotion and anticipating the arrival of a sound source. A change of intensity without a change in frequency may signal a slower moving object or vocal features, such as emphasis or affect in vocal communications [27] [33] . Changes of frequency [33] .
When comparing response to stimuli differing in intensity and frequency, measures of N 1 -P 2 -N 2 -P 3 children with hypersensitivity displayed the most disorganization in their patterns of brain activity to auditory stimuli compared to typical children and adults [25] . Gavin et al. [4] also found different brain activity in children with hypersensitivity who demonstrated significantly smaller P 300 amplitudes and shorter N 200 latencies than typically developing children. They suggested that children with hypersensitivity are not able to dismiss a sensory experience with early attention and detection, and continue to process the information for much longer and more intensely. These brain activities correctly distinguished children with hypersensitivity from children who were typically developing and adults with 77% -90.5% accuracy.
Analyzing the responsiveness of the auditory system by using ERPs may provide a window to better understanding of the underlying mechanisms of extreme sensory processing and their behavioral and functional expressions. This information may assist in creating intervention programs that will be tailored to the person's unique sensory characteristics and needs in relation to real life experiences.
The purpose of this study was to compare neurophysiological responses to auditory inputs in adults with sensory hypersensitivity to those of typical controls and to correlate their neurophysiological responses and reactivity to auditory stimuli in daily life.
Hypotheses. 1) Participants with sensory hypersensitivity will show significantly larger neurophysiological manifestations to changes in sound intensity and frequency than typical controls, as measured in amplitude and latency of ERP components N 1 and P 2 ; 2) Participants with sensory hypersensitivity will have significantly exaggerated behavioral auditory responses in daily life than typical controls; 3) Significant correlations will be found between the ERPs components and auditory hypersensitivity, as expressed in daily life scenarios.
Materials and Method

Participants
Twenty-seven right handed healthy participants, 18 -40 years old, were recruited by advertisement that invited participation in a study on sensory processing. They were matched by age and gender and assigned according to their cut-off score in the Sensory Sensitivity or Sensation Avoiding quadrants of the AASP [34] as part of the diagnostic procedure. According to AASP norms, those who received a score above 42 in the "Sensory sensitivity" quadrant or a score above 43 in "Sensation avoiding" quadrants were assigned to the hypersensitivity group. Those who received scores that ranged from 26, 27 to 41 (indicating normative sensory performance) were assigned to the control group. The seeking and low registration quadrants of the AASP were not used as criteria for group affiliation, although most of the study participants in both groups were in the normative range in these quadrants. All the participants had bilateral normal hearing across 250 -8000 Hz (equal to or less than 20 dB HL) measured by pure-tone audiometry and plotted on an audiogram according to the recommended procedure of the American Speech-Hearing Association (ASHA) [35] .
Exclusion criteria: People with reported neurological conditions such as Attention Deficit Hyperactivity Disorder (ADHD), auditory impairments, history of head injuries, chronic diseases or learning disabilities were excluded from the study. Table 1 summarizes the participants' socio-demographic information. No significant differences were found between the groups in their socio-demographic variables.
Instruments
ADHD questionnaire. The ADHD questionnaire is retrieved from the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) [36] . This self-report questionnaire served for approving participant's inclusion criteria in this study.
The questionnaire consists of 18 items divided into two categories: inattentive symptoms (9 items) and hyperactive-impulsive symptoms (9 items). Each item can receive either a positive or a negative answer. A clinical screening of ADHD requires six symptoms of either inattention or hyperactivity-impulsivity during the six months before the interview. For each quadrant, the participant's answers are divided according to five categories of "much less than most people"; "less than most people"; "similar to most people"; "more than most people"; and "much more than most people". In the sensory sensitivity quadrant, the resultant score for the "more than most people"
and for "much more than most people" ranges from 42 to 75. The resultant score for the sensation avoiding quadrant in these categories ranges from 43 to 75. The resultant score for the "similar to most people" ranges from 26, 27 to 41. The
Hebrew version of the AASP presented good internal consistency for each of the AASP quadrants [37] . Hyperacusis questionnaire [38] . This questionnaire evaluates auditory hypersensitivity as expressed in daily life scenarios, measure whether the participant suffers from hyperacusis, and provides a detailed description of the symptoms. Scoring-14 self-rating items are included. Answers to each question/item is given on a 4-point scale, ranging from "no" (scoring 0 points), "yes, a little" (scoring 1 point), "yes, quite a lot" (scoring 2 points) to "yes, a lot" (scoring 3 points). The hyperacusis questionnaire is highly sensitive in discriminating participants in the general population. The results demonstrate the existence of an attentional dimension (questions 1 -4 inclusive); a social dimension (questions 5 -10 inclusive), and an emotional dimension (questions 11 -14 inclusive). Statistical analyses show the three dimensions have satisfactory internal consistency reliability according to Cronbach's alpha values and factorial validity [39] .
ERP procedure and measurement. The ERP recording and analysis was carried out with signal processing software of "Orgil Medical Equipments" Ltd. Participants were seated on a recliner in a sound attenuating, shielded room with an observation window (IAC, UK). During the recording, participants were asked to read a given book and ignore the auditory stimuli. The recording sites were based on the 10 -20 system [39] using a custom-made cap. EEG was recorded from 21 channels, located at FP1-FP2-F3-FZ-F4-F7-F8 (frontal left-central-right), C3-Cz-C4 (central left-central-right), P3-PZ-P4 (parietal left-central-right), T3-T4-T5-T6 (temporal left -right), O1-O2 (occipital left-right) and A1-A2 (earlobes left-right) scalp sites. Electrode resistance was maintained at <5 kΏ. Eye blinks and movements (EOG) were monitored with an electrode placed below the right eye referenced to Fz [40] . All electrodes were referred to the middle of the chin. The ground electrode was placed on the right earlobe. Potentials from the EEG (×100,000) and EOG (×20,000) channels were amplified, digitized with a 12-bit A/D converter at a rate of 256 samples/sec, filtered (0.1 to 100 Hz, 6 dB/octave slopes), and stored for off-line analysis. EEG processing began with segmentation of the continuous EEG to epochs, beginning 200 ms before until 1000 ms after stimuli onset. Four types of change to binaural stimuli were used. The protocol was based on a former study [34] and adjusted to the present one based on a pilot study. The stimuli were presented separately through ER•3A Insert Earphones. Changes occurred 1300 milliseconds post stimulus onset (1 or 1.3 second in duration) and were randomly selected in the series of stimuli from four types: 1) large increase in frequency from 250 Hz to 375 Hz; 2) small increase in frequency from 250 Hz to 275 Hz; 3) large increase in intensity of 8 dB from the 60 dB intensity at onset; and 4) small increase in intensity of 2 dB from the original 60 dB intensity at onset. The duration of each stimulus was either 3.3 or 3.0 seconds from onset to offset (Appendix). Each stimulus was randomly presented 150 times to avoid habituation to stimuli. The interval between stimuli was 500 or 700 milliseconds. ERP data analysis included eye movement correction based on the algorithm of correlations between the diagonal electro-oculogram (EOG) channel and each of the EEG channels [41] and artifact rejection (±150 μV) followed by segmentation. Average waveforms were then computed separately for each stimulus change type. These averages were computed for each subject as well as across subjects to obtain grand mean waveforms. ERP analysis included comparisons of N 1 and P 2 peak latencies and amplitudes, in response to the change-either intensity or frequency increases. Analysis of the EEG records was carried out with Beat Per Minute (BPM) signal processing software regarding FZ, CZ and PZ electrodes. Latencies of the N 1 and P 2 peaks were automatically derived using a partially automatic peak detection algorithm, which was overseen by an independent expert. Peaks were measured for each subject in each channel. Latencies of N 1 were identified as the first negative peak elicited between 60 ms and 170 ms after the change. Latencies of the P 2 were identified as the second positive peak elicited between 120 ms and 250 ms after the change. Differences in the effects of change on component N 1 between participants in the hypersensitivity group and the control group were measured by the ratio between responses to small changes and large changes, in frequency and in intensity changes, separately. Amplitude differences of component P 2 were measured by peak-to-peak evaluation of amplitude, in response to changes in frequencies and in response to changes in intensities. Recordings that were too noisy to produce a clear response were not statistically analyzed. Thus, different numbers of participants contributed to each test condition.
Procedures
The study was approved by the IRB of the University (no. 049/06). All the participants who complied with the inclusion criteria were invited to the Clinical Center at the University of Haifa. All the participants provided informed written consent. The procedure lasted up to 4 hours with breaks according to the participant's request. All participants were paid for their participation.
Data analysis
All numerical data were examined to assure normal distribution using the 
Results
ERP manifestations of sensory hypersensitivity-differences in ERP components N 1 and P 2 between groups No significant differences were found between the groups regarding latencies Manifestations of sensory hypersensitivity in daily life as reflected in self reports Table 2 presents the means of the AASP scores and the frequency of participants found in each sensory processing performance range in each group. As evident from Table 2 , the hypersensitive groups scored significantly higher than Correlations between the objective and subjective measures of sensory hypersensitivity in the total sample
As can be evident in Table 3 , higher sensory sensitivity and sensation avoiding were found in the auditory processing items, measured by the AASP, and greater hyperacusis complaints, measured by the hyperacusis questionnaire, were found and were significantly correlated with larger responses to both large frequency and large intensity changes, as measured by latency and amplitudes of N 1 and P 2 .
Discussion
This is one of the first studies to examine the relationship between neurophysiological manifestations of responses to auditory stimuli in adults with sensory hypersensitivity and their daily life expressions. According to our results, participants with hypersensitivity reported greater auditory sensitivity expressed in hyperacusis in daily situations, compared to typical controls.
The differences between both groups were also manifested in different ERPs, as measured by P 2 Latency in response to a large change in frequency. The P 2
wave reflects the process of stimulus evaluation [32] and is associated with perceptual analysis and attentional allocation [42] . The prolonged P 2 latency among the hypersensitive group indicates the longer time required for perceptual analysis [42] . In daily life, this may lead to allocating more attention to sensory stimuli, which may accompany the overwhelming, uncomfortable sensory experience, and may account for functional difficulties in daily life, reported by adults with hypersensitivity [43] .
In the present study, such uncomfortable sensory experiences were noted in the responses to the hyperacusis questionnaire. Participants who indicated that they are more troubled with social and leisure activities, for instance, in relation to the questions "Do you find the noise unpleasant in certain social situations (e.g. night clubs, pubs or bars, concerts, firework displays, cocktail receptions)?" and "Do you ever turn down an invitation or not go out because of the noise you would have to face?" had significantly greater ERP responses, as can be evident in Table 3 . These correlations may reflect a limitation in participating in social and leisure activities.
Also, indicated in Table 3 , it was found that among the entire sample, the sensory sensitivity and sensation avoiding scores of all sensory modalities, and especially in relation to the auditory items, were significantly correlated with the ERP responses. Hence, the more sensitive or more avoiding was the behavior, the larger were the amplitudes of N 1 and P 2 , and the more prolonged were the latencies. This may reflect the greater attentional resources needed to process the details of a change [43] among people with sensitive and avoiding patterns.
Dunn [8] claimed that individuals with sensory avoidance limit sensory opportunities because they have difficulties in perceiving, organizing and respond- Interestingly, both groups did not differ significantly in N 1 measures . According to Nishihara et al. [44] , N 1 reflects the basic ability to detect whether changes in the environment have accrued. Thus, N 1 reflects a change-detection system; a memory-based comparison process, in which amplitude and latency are dependent on the physical attributes of a difference between standard and deviant sounds [44] . In the present study, any change, either in intensity or in frequency, as reflected in N 1 was noticed by the participants in both groups at approximately the same latency or magnitude (amplitude response). This basic ability to detect whether changes in the environment have accrued was not significantly different between the groups. Support for this finding can be found in a study conducted by Bar-Shalita et al. [45] and in Bar-Shalita et al. [10] , demonstrating that sensory hypersensitivity does not imply lowered sensory thresholds, (i.e. the ability to identify a stimulus change). Our results suggest that people with hypersensitivity have a similar ability to detect stimuli as typical people, however, as indicated by the later component P 2 , people with hypersensitivity have larger responses when perceiving the stimuli and responding to their affective attributes. This may explain the emotional hyper-arousability frequently reported among people with sensory hypersensitivity [46] .
Limitations and Future Studies
This study referred only to patterns of hypersensitivity and was based on a relatively small sample of typical adults. Since the stimuli were somewhat moderate, as were the differences between them, this together with the small sample might account for the inability to reach statistical significance in all the tested conditions. The correlations and differences found in the present study should be further examined on larger samples of individuals' extreme sensory processing patterns and illuminate the relationship between the underlying neural mechanisms of sensory hypersensitivity and the person's coping with daily life demands. Also, further studies, on larger sample sizes across larger age range, with hyposensitive as well as hypersensitive patterns, and on populations with special conditions, are recommended.
Conclusions
The study has added to current knowledge by describing the underlying neuro- 
